Summary The peptidergic/aminergic innervation of normal liver and tumour blood vessels was investigated in order to determine vascular control with a view to improving the efficacy of hepatic arterial cytotoxic infusion in the treatment of colorectal liver metastases. Selected areas of liver metastases and macroscopically normal liver from resection specimens (n= 13) were studied using light microscope immunohistochemistry for the presence of protein gene product 9.5 (PGP), vasoactive intestinal polypeptide (VIP), neuropeptide Y (NPY), calcitonin gene-related peptide (CGRP), substance P (SP) and tyrosine hydroxylase (TH). The ultrastructure of blood vessels supplying liver metastases and their perivascular innervation were also examined by transmission electron microscopy. In the normal liver, perivascular immunoreactive nerve fibres containing PGP, NPY and TH were observed around the interlobular blood vessels and along the sinusoids and the central vein of the hepatic lobule. The greatest density of immunoreactive nerve fibres was seen for PGP, followed (in decreasing order) by NPY and TH. VIP, SP and CGRP immunoreactivity was observed only in nerve bundles associated with the large interlobular blood vessels. In contrast, no perivascular immunoreactive nerves were observed in colorectal liver metastases. Electron microscopy confirmed the absence of perivascular nerves in liver metastases. In addition, it showed that the walls of these blood vessels were composed of a layer of endothelial cells surrounded by an incomplete or, very rarely in the periphery of the tumour, a complete, layer of synthetic phenotype of smooth muscle-like cells. These results imply that the blood vessels supplying liver metastases are bereft of normal neuronal regulation; whether there is a role for endothelial cell control of blood flow in these vessels is not yet known.
Colorectal cancer is the second most prevalent cancer accounting for about 19 000 deaths in the UK each year. The liver is the most common site of colorectal metastases; the latter occur in about 70% of patients at post mortem (Pestana et al., 1964) and account for up to 50% of all colorectal cancer deaths.
Surgical resection offers the only hope of cure, but in the majority of these patients, when multiple metastases are present, this is not feasible. In addition, the results of many available adjuvant therapies have been disappointing. Hepatic artery infusion (HAI) chemotherapy has, however, shown some promise and is associated with an increased tumour response rate compared with systemic chemotherapy (Kemeny et al., 1987) . A randomised trial has suggested that HAI chemotherapy improves the survival rate compared with untreated controls (Hunt et al., 1990) . There is some evidence that co-administration of vasoactive agents such as angiotensin II (AT II) can improve the efficacy of HAI chemotherapy (Goldberg et al., 1991; Hemingway et al., 1991a) . However, Sasaki et al. (1985) have shown that AT II reaches the peak of its action at about 100 s from the start of the infusion. After this time there is a gradual fall in the tumour to normal liver ratio despite its continuous infusion for 3 -4 min. This short duration of action limits the efficacy of AT II. In contrast with the empirical use of AT II, vascular manipulation might be achieved by administration of vasoactive substances, normally present in the liver but not in the tumour, e.g. various amines and peptides that are present in the perivascular nerves of the normal liver (Gulbenkian et al., 1985; Goehler et al., 1988; Ueno et al., 1991) .
It has been shown in different mammalian species that the neuronal control of the normal liver and its vasculature uses not only noradrenaline but also various peptides; the latter include substance P (SP) (Ueno et al., 1991; Feher et al., 1992) al., 1988) , somatostatin (SOM) (Feher et al., 1992) , neuropeptide Y (NPY) (Gulbenkian et al., 1985; Inoue et al., 1989; Ding et al., 1991) ; tyrosine hydroxylase (TH) can be used as a marker for sympathetic nerves (Burt et al., 1989) .
The purpose of the present study is to investigate the perivascular innervation of human colorectal liver metastases compared with that of the normal liver, with the objective of improving the efficacy of intrahepatic arterial therapy.
Material and methods Patients and tissue specimens 13 patients undergoing surgery for colorectal liver metastases were included in the study. The surgical specimens consisted of metastases and normal liver some distance from the tumour. It was possible to take specimens of both the normal liver and the tumour from seven patients (one of these was used solely for electron microscopy). Tumour Absence of perivascular nerves in liver metastases S Ashraf et al ! osmication (1 h in 1% osmium tetroxide with 0.1 M phosphate buffer) the sections were stained for 45 min in 2% uranyl acetate in water at 4°C, dehydrated in ethanols, cleared in propylene oxide and embedded in Araldite. Semithin sections (1 jim) were cut with glass knives, and stained with toluidine blue. From the adjacent area ultrathin sections (60-70 nm) were cut using a diamond knife on Reichert Ultracut ultramicrotome and collected on mesh grids and single-slot grids coated with thin Formvar film. These sections were counterstained with lead citrate and viewed with a Joel electron microscope.
Light microscopy -histology Normal liver In the normal liver, hexagonal liver lobules with portal tracts occupying the corners of the hepatic lobule were observed. Within the lobule, hepatic cords were separated from each other by the sinusoids. In the centre of the hepatic lobule the central vein was observed (Figure la) . Larger interlobular branches of the hepatic artery and the portal vein were observed in the interlobular connective tissue. There was no evidence of micrometastases. . In the liver lobule PGP-IR varicose nerve fibres were observed along the sinusoids and the hepatic cords ( Figure  4a ). Outer portions of the liver lobules were more densely innervated than the central portions. Occasionally these nerves were seen to traverse to the central vein of the hepatic lobule. Although the pattern of innervation was the same throughout the liver, some lobules were more densely innervated than the others in any given section. In addition to these variations, liver parenchyma in some patients was found to be more densely innervated than in other patients.
NPY-IR and TH-IR nerves had similar patterns of distribution both around interlobular blood vessels and within the hepatic lobule (Figures 3b and d, 4c and e). The greatest density of IR nerves was observed for PGP followed, in decreasing order, by those of NPY-IR and TH-IR nerves (Table I) . Statistical analysis of the data showed that in any given patient the density of PGP-IR nerves was significantly more than NPY-IR nerves (P <0.035) and TH-IR nerves (P<0.0001). Similarly, the density of NPY-IR nerves was significantly more than that of TH-IR nerves (P<0.002).
VIP-IR, SP-IR and CGRP-IR nerve fibres were not observed except for a few IR nerve fibres in the thick nerve bundles running in the adventitia of the larger interlobular blood vessels (Figure 3c ). AT TI-IR, SOM-IR and ANP-IR nerves were absent.
Liver metastases No neuronal immunoreactivity (Figure 2a ) was observed in association with the blood vessels or parenchyma in any of the colorectal liver or peritoneal metastases (Table II) . However, in the stroma of the colorectal liver metastases thick bundles of autofluorescent tissue were observed. This immunoreactive tissue stained pink with van Geison's which is specific for collagen.
Electron microscopy
Normal liver In the portal tract, the branches of the hepatic artery and the portal vein were observed. The walls of these blood vessels were composed of a layer of endothelial cells surrounded by a layer of contractile phenotype of smooth muscle cells. Bundles of unmyelinated nerve fibres were observed in the connective tissue around blood vessels (Figure 5a ). The nerve fibres of these bundles contained variable sized dense-cored (600-13000A diameter) and clear vesicles (250-8000A diameter). The nerves were more dense around the branches of the hepatic artery than with those of the portal vein. Occasionally they were observed in association with the interlobular bile ducts. In the liver lobule, nerve fibres were observed in the space of Disse running close to the hepatocytes. The latter showed invaginations of the surface membrane where they made contact with the nerve varicosity (Figure 5b and c) . The diameter of these nerve varicosities ranged from 650 nm to 2000 nm and they contained dense-cored and clear vesicles of variable size. On occasion, these nerve varicosities were observed in the proximity of the sinusoidal endothelial cells, Ito cells or Kupffer cells.
Liver metastases Colorectal liver metastases showed marked heterogeneity of blood vessels, both regarding their size and density of distribution. The centre of the tumour showed loss of boundaries of all types of cells. Numerous free red blood cells were observed in this region.
More peripherally, blood vessels of variable size were observed. Their size ranged from 8 -55 gm (Figure 6a and b).
Irrespective of size, the blood vessels were remarkably similar in structure. The wall of these blood vessels was made up of a single layer of endothelial cells resting on a basement membrane. Occasionally these blood vessels were surrounded by an incomplete layer of smooth muscle cells of variable phenotype, nearly always of the secretory (proliferative) form (Figure 7a ). Very rarely, in the extreme periphery of the tumour, blood vessels with a complete layer of contractile phenotype smooth muscle cells were observed (Figure 7b ). The endothelial cells had occasional cytoplasmic fenestrations, a large amount of rough endoplasmic reticulum (RER), Golgi apparatus and numerous free ribosomes and occasional pinocytic vesicles. Weibel-Palade bodies were not observed ( Figure 8a ). In summary, the various types of cells observed in the walls of tumour blood vessels were as follows:
(i) Fibroblast-like cells: these had an elongated nucleus and one or two nucleoli. Their cytoplasm showed abundant RER, Golgi apparatus and mitochondria in the vicinity of the nucleus. Occasional myofilaments were seen especially under the cell membrane. Occasionally caveolae were also observed (Figure 6a and b).
(ii) Synthetic (proliferative) phenotype of smooth musclelike cells: these cells contained dense bands and cytoplasmic dense bodies, a large number of caveolae and abundant RER, Golgi apparatus and some myofilaments (Figures 7a  and b, 8b ).
(iii) Contractile phenotype of smooth muscle-like cells: these contained large numbers of caveolae, dense bands, cytoplasmic dense bodies and myofilaments. Small amounts of RER and Golgi appararus were also observed. Their basement membrane was continuous (Figure 8a ). They were longer cells so that sections through the nucleus were rare compared with the synthetic phenotype cells. Perivascular connective tissue was composed of bundles of collagen fibres. No perivascular nerves were observed in any of the blood vessels.
Discussion
The control of vascular tone involves both nerves and the endothelium (Burnstock, 1993) . The nerves around the blood vessels can be divided into perivascular nerves and paravascular nerves. The perivascular nerves form a fine plexus of nerves around the tunica media of the blood vessel, i.e. at the adventitial-medial border and are responsible for the control of tone of that blood vessel. The paravascular nerves are arranged in larger nerve bundles that run in the adventitia of the blood vessels and are destined to the vascular and non-vascular structures further along that blood vessel. The vascular endothelium can effect vascular tone by endothelial-derived relaxing factors (EDRFs) (Palmer et al., 1987) and endothelial-derived constricting factors (EDCFs) (Miller and Vanhoutte, 1985; Katusic and Vanhoutte, 1989; Yanagisawa et al., 1988) .
The present study has shown that in the normal liver, PGP-IR, NPY-IR and TH-IR nerves are present at the perivascular and paravascular sites around the larger intrahepatic blood vessels and along the intraparenchymal blood vessels, whereas SP-IR, VIP-IR and CGRP-IR nerves are present only in the paravascular nerve bundles running along larger intrahepatic blood vessels. AT II-IR, SOM-IR and ANP-IR nerves are absent. In contrast, blood vessels in colorectal liver metastases lack perivascular innervation. This finding is substantiated by transmission electron microscopy, which also demonstrated the absence of nerve profiles. Furthermore, except for an occasional blood vessel in the periphery of the tumour, contractile smooth muscle in the walls of most blood vessels was either incomplete or absent altogether.
The aminergic innervation of the normal liver has been examined in depth in various mammalian species (Mazzanti et al., 1977; Fuller et al., 1981; Moghimzadeh et al., 1982) including man (Moghimzadeh et al., 1982; Kyosola et al., 1985) . In the present study we only investigated the distribution of TH-IR nerves. TH is an enzyme used in the synthesis of the amines such as noradrenaline and adrenaline. The distribution of TH-IR perivascular nerves around the interlobular blood vessels and within the liver parenchyma is in concordance with the aminergic innervation of the normal liver as reported in earlier studies (see above). It has been shown in hepatic arterial vascular bed of dog that noradrenaline increases hepatic arterial vascular resistance and decreases blood flow (Richardson and Withrington, 1977) . This pharmacological property has been shown to be useful in improving the tumour to normal liver ratio in rat (Hafstr6m et al., 1980; Ackerman et al., 1988) . However, Ackerman et al. (1988) have shown that after an intraportal injection of noradrenaline, tumour to normal liver ratio improved for only 134 s in Sprague-Dawley rats with liver tumours. After this time a baseline level of blood flow was reached in the liver tumours. This short duration of action limits the use of noradrenaline as a vasopressor for targeting hepatic artery infusion chemotherapy.
The presence of NPY, which co-exists with noradrenaline in sympathetic nerves (Lundberg et al., 1983) , has been reported in the perivascular nerves of liver in rat (Gulbenkian et al., 1985; Inoue et al., 1989) . In contrast to the present study, these workers have reported the absence of intraparenchymal nerves along the sinusoids. This could be explained by the difference in species; the absence of perivascular nerves in the liver parenchyma of the rat has been reported in many published studies (Reilly et al., 1978; Metz and Forssmann, 1980; Inoue et al., 1989) . Widespread distribution of NPY-IR and TH-IR nerves within the normal liver indicates that most of the intrahepatic nerves are sympathetic in type. It has been shown that in addition to its inherent vasoconstrictor action, NPY augments the vasoconstrictive actions of noradrenaline on various vessels, including the hepatic artery (Corder and Withrington, 1988) . It is, therefore, a potential candidate to be used in combination with noradrenaline to achieve the desirable vascular effects to enhance the efficacy of HAI chemotherapy. By enhancing the actions of noradrenaline, NPY can, at least theoretically, improve vasoconstriction in the normal liver and divert blood flow to the tumour tissue and thus achieve the improved tumour to normal liver ratio for a longer duration compared with noradrenaline alone. This needs further investigation.
In the present study, the density of NPY-IR nerves was significantly greater than that of TH-IR nerves. This difference may be due to the fact that TH is a neurotransmitter-synthesising enzyme and therefore, may be present at a lower concentration within nerves than a neurotransmitter. However, it is also possible that the higher density of NPY-IR nerves may represent (in part) a separate population of non-sympathetic nerves as seen in the rat urinary bladder, vas deferens, mesenteric vein and superior cervical ganglion (Milner et al., 1991) . Goehler et al. (1988) have reported the existence of CGRP-IR and SP-IR nerves around interlobular blood vessels and within the lobules of the guinea pig liver. These are likely to represent sensorymotor nerves (Burnstock, 1993) . However, in our study, we Ueno et al. (1991) . Irrespective of the underlying cause, the present results show that CGRP and SP, which are present in the sensory and sensory-motor nerves (Burnstock, 1993) , and VIP, which co-localises in the parasympathetic nerves (Lundberg, 1981) , play very little role, if any, in the control of intrahepatic blood vessels in patients with colorectal liver metastases. Somatostatin-immunoreactive nerves have been demonstrated in normal cat liver (Feher et al., 1992) and normal human liver (el-Salhy et al., 1993) . In the present study we did not observe somatostatin-immunoreactive nerves in colorectal liver metastases from any of the patients. This could be the result of some trophic effect of the primary or secondary tumour and needs further investigation. Merkel et al. (1987) have shown that intravenous infusion of somatostatin causes a decrease in the hepatic plasma flow and metabolic activity in cirrhotic patients.
The presence of ANP-IR and AT II-IR nerves has not been reported in the liver in any study. Although both of these substances were not found in the present study and do not seem to influence the tone of intrahepatic blood vessels through their release by the perivascular nerves, these peptides could still influence tone and blood flow within the intrahepatic blood vessels by acting directly on the respective receptors. Sitzmann et al. (1994) have demonstrated the presence of AT II receptors in the normal liver. The presence of AT II receptors in the normal liver explains how AT II increases the resistance to vascular flow in the normal liver and improves tumour to normal liver ratio.
The innervation of tumour blood vessels was first examined by Krylova (1969) , who reported the absence of perivascular nerves in tumour models. Later, using light microscopy, Mattsson et al. (1977) showed the absence of perivascular adrenergic nerves in an intramuscularly implanted tumour in the rat. Hafstr6m et al. (1980) reported the absence of perivascular adrenergic nerves in a hepatoma model in the rat liver. Recently Mitchell et al. (1994) documented the absence of perivascular nerves in various primary human tumours, including primary colorectal carcinoma. Our findings are similar to those of others (see above) who showed the absence of aminergic nerves in various tumours and tumour models. In addition, the present study also indicates that blood vessels in colorectal liver metastases are bereft of all type of neuronal controls including sensory, sensory -motor and parasympathetic nerves. The absence of nerves around the tumour blood vessels could be due to deficiency of some nerve growth factor or an inhibitory influence of the endothelium of the tumour blood vessels or the transformed smooth muscle in their walls. Alternatively it could be explained by the slower rate of growth of the nerves, which fails to keep up pace with the more rapidly growing blood vessels in the tumour. This needs further investigation.
Using electron microscopy, Mattsson et al. (1982) documented the presence of a regular layer of contractile cells in the walls of the blood vessels in a subcutaneously implanted tumour model in rat. In the present study blood vessels with a complete layer of contractile cells were rarely observed and when present, were in the extreme periphery of the tumour. These vessels might merely represent the normal tissue blood vessels incorporated in the growing tumour as suggested by Gullino (1975) . The presence of an incomplete layer of synthetic phenotype of smooth muscle-like cells, fibroblast-like cells and contractile phenotype of smooth muscle-like cells in the walls of tumour blood vessels indicates that these blood vessels may not be able to contract in response to vasopressor drugs, unlike normal vessels. This would explain why AT II improves the tumour to normal liver ratio in patients with colorectal liver metastases (Sasaki et al., 1985) .
In this study we have shown that the neuromuscular control of tumour vasculature in colorectal liver metastases is defective. Further studies are needed to understand the role of endothelium in the control of blood flow through these blood vessels. Pharmacological studies are also needed to study the vascular responses of normal liver and tumourbearing liver.
